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INTRODUCTION

Zirconia is considered to be an outstanding refractory material because
of its ability to withstand temperatures above 4000°F. However, the use of
zirconia i3 limited becsuse of its susceptibility to failure from thermal
shock. The poor thermal shock resistance of zirconia 1s caused by s
crystalline inversion which occurs at 1830°F (fig. 1) with an accompanying
degtructive change in volume. Additions of calcium oxide have been found to
produce a new crystal structure which eliminates crystalline imwversions. Increased
amounts of calcium oxide added to zirconia increase the degree of stabilization and
overall thermal expansion (fig.l). An addition of four to five weight percent of ‘
calcium oxide produces a partislly stasbilized material whose major crystslline
component is cubic zirconia with a significant amount of monoclinic zirconia. The
lacter is present to reduce the overall thermal expansion for thermal-xhock resistance.
The improvement of the zircomnias properties achieved through partial stabilization w.ith
lime apparently is not sufiicient to permit its use for extended periods oi time
in applications procucing therwai cyclic conditfions. e such application is a
heat exchanger zs -:ed in the 11 inch ceramic-ieated jet blowdown tunmel ok
Laugley Research Ceuter, Virginia,

The ziv.onia refractories ia the heat exchanger are bricks, used as the
innermost lining of a high pressure, high temperature vessel, and pebbles,
used as the heat-exchonging element within the vessel. The function of tpe
tunnel is to test the efifects of high teaperature, pressure, and veiocvity un
wcterialis consideres for use Im comstructing missiles and satellites. The
procedure used in produciag optimumm wonditions is o heat the top or the pebble
bed in excess of 4000°F., to pressurize the vessel to its maximum pressure capability,
and finaily to force ambient air through the hot pebble bed and out oi the vessel

tarough & small oriiice iaco a cuntoured test -hamber. A siugle cycie or test
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of heat up and blow down. It takes spproximately three hours to heat the
pebble bed to 4000%°2 from an {dling temperature of 2500°F. The pebble bed is
heated from the top (fig. Z), therefore, the region directly exposed to the burner
flame realizes the 6000°l‘+tunpoutun vhile the remainder of the vertical columh
of pebbles and liner shows a temperature gradient dependent on the thermal
conductivity of the zirconia during the hsating-up portion of a blow-acown cycle. Two
or three blow-down operations are possible in one day. The blow-down portion of the
cycle takes approximately icur minutes with 2 pebble bed drop from 4100°F to 3600°F.
The thermal shock produced by the cyclic reaction results in spalling and
deterioration or physical bresakdown of the brick and pebblesa. Spalling is &
normal result of thermsl shock. Deterioration is a product of tine and temperature
and is found in localized areas of the zirconia lining and pebble bed whare the
temperature cycles in a range from 1600°F to 2000°F (£ig.3).

The object of this investigation was to study the physical changes in
stabilized zirconia caused by thermal cycling and the relationship of these changes
on the loss in strength of refractory shapes that have been cycled into the critical
temperature range.

REVIEW OF LITERATURE

The use of zirconia as a high temperature refractory was recognized as early
as 1900. This material was -ound to have: (1) good resistance to transfer of heat,
(2) inertness to most chemicals, (3) stability in omidizing stwospheres, and
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40007 F. The primary
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(4) guou loci-bearing -trength at temperature: in excess o
proolem eucountered in using zirconia is the iaversion aud accowpanying drastic
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Volaas Chudige Shpericnucd on heating or coosling th

s material to 1830°F7.
The process of eiiminating or iimitlug version is calied stabilisdlidu.
The Jse of stabillzed zircouia on 2 commercisal basis was starced ai L9@7(“},
sunerous weterials have been successfully ased ia stabilizing :sivconia either partiaily
wr canpletely. Gowbinations of :alcium oxide and magnesium oxide were rouand to be

very gwod stabllizers; us.ever, -aloiunm oxide provec o be the best auau nost
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economical anbiuur(s). Curtis stated that, "A small smount of inversion
way be necessary for high resistance to thermal shock in zirconia ware because:
(1) the overall thermal expansion is then small and gradusl, and (2) with
complete elimination of inversion the expansion is large since the expansion
curve is & straight line and the coefficient of expansion is high" (fig. 1).
The best thermal shock resistance was obtained by additions of four weight
percent of calcium oxide to zirconia (3). Duwez and Odell in a study of zirconia stabili-
zation found that compositious containing less than eight weight percent of calcium
oxzide had varying degrees of inversion increasing as the calcium oxide content
decreased. Compositions between eight weight percent and 16 weight percent
contained only cubic zirconia as the result of the formation of an interstitial solid
solution of calcium oxide in zirconia with no inversion present. Zivconia with more
than 16 weight percent of calcium oxide contained a calcium oxide-zirconia solid
solution and calcium girconate (4). The effect of reheating partially and fully
stabilized zirconia at critical temperatures for loung periods of time indicated that
no significant change in structure occurred as a result of isothermal treatments.
Isothermal treatmeat consisted oi reheating zirconia samples with varying degrees oi
stabiligzation to 1375°C for 336 hours, 1200°C for 5.0 hours, 1100°C for 812 hours,
980°C for 1473 hours, and 815°C for <011 hours(“) . Weber, Garrett, Mauer, and Swartz
substantiated Duwvez and Odell's work on the stability of the calcium oxide-zirconia
30lid solution sheo isothermally heat treatad. They rurtner showed that a magnesium
dxide~zirconia solid solucion was aot phase stable and became unstabilired wheu
tsothermally tresztec at temperatures between 815°C anc 1375°C(5).

The structure of zirconis in varying degrees of stabilization has been studied
vy means 0: Xeray oiffraction. Three deiiraction peaks have beea used to icentisy
the phase present aud to cal.ulate the perceut ot circonia stabilization q&antitatively(6)

(fig. 4).
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The material used in this investigation was fused, stabilized zirconia
produced by the Norton Company having a composition of 4.05 percent Cal,
0.95 percent 8102, 0.18 percent Fe,0,, 0.27 percent Ti0,;, and 94.30 percent
Zr0;. The Ballard and Marshall process of manufacturing stabilized zirconis
directly from ores was used to produce the utorul.(z)

Duriog a periodic maintenance and rebricking operation of the blow-down
tunnel at Langley Research Center, it was observed that there were sections within
the furrace wall and in the pebble bed that were very wesk and frisble. This
deteriorated zone is shown in figure three. Twenty thremocouples were placed
throughout the brickwork in the rebuilt furnace so that temperature in the wall
could be recorded during normal operation oi the furnsce. It was subsequently
detarminad that the temperature in the zone of refractories that were ceteriorating
cycled between 1600°F and 2000°F. As would be expected from the daescription oi the
furnace operation as previously given, this zone varied in its location with respect
£o the inside 2f the furmace wall because 2i the temperature gradient from top to bottowm
La the furnace.

Simusiation of the fewmperature cycling experienced by the refractories in
he furnace was accom:lishod by placimg une-iach vubes or zirconia cui from an unused
brick slong -.ith threc-: i bth-inch dismeter pebbies in a laboratory wila. The kiin
~58 cycled between 1UUf ¢ aund 21009F at a heating rate 9. 12.5°%% per winute and a
cooling rate o« 5°F per minvte. It was feit that this cooling auvd beatiag schevale
~Quld mot be rapic suough Lo wause thermal shocs damage cue o iarge cemperature
zradients.

Frisble material takenn irom the «rifical-tewperature 20065 in Lhe BRIt en.nkngss
anu sauples frvom the luboratery tests «ere cumparec »ith unused cuiroouia reiracturies.
The .rystal structure aud caiviwa vni.e coatent of the sawples were devermined by x-ray
driivection and spectrus«opic pro.gcures. The ratio o the amosunt o. cubic pnase

zirconia to monocliuic pnase is reported as the degree v. stabilization. The Rorton
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diffraction peaks.

Company supplied a graph (see iigure five) showing the relationship between the

degree of stabilization and the ratio of the intensities of the cubic and monoclinic

Peaks at 23°20 and 30° 20 were used (fig.4).

7-5 .

of the same ssmple before leaching.(F/9é )

In order to determine whether or not the calcium oxids present in the
water), and the calcium oxide coutent after leaching was cowmpared to the lime content

zirconia ssmples was combined in solid solution or occured as free lime, samples

were leached in diluted hydrochloric acid (50 percent concentrated acid, 50 percent

Hami 2R

-

Brick from the heat-exchange furnace were sectioned as shown in figuree 7-A and

Because of the temperature gradient through the furnace wall, the sections

had experieuced cycling through different teuperature ranges, and each section was
checiced for the crystal phases present and calcium oxide content.
y <¢iffraction.

. . ; o, . . .
Deteriorzted brick were rehbeated to 3000 F. for twc hours and analyzed by

RIESULTS AND DISCUSSION
As previously stsved, iu srmation cotained from thermocouples piaced in the
heat-exchange furnace showed mawlmar deter.oration of the veirastories in those zones
in which the temperature veried from 1600°F to 2000°F. Similar results were obtained
in the laboratory <yoling wests. The sue-ilach-.ube specimens collapsed when touched
afrer veing cycled &1 tises petween iIOSJF anG 2100°F.
|
S usad, deteriorcted brick was crushed simply by rubolng it by aaus auc then
seperatec into several grain slzes. The resulis oX tests ruh un these sizey as |
cagpired to en unused reiractory are saown in Table I.  Ir can be seea tust tae \
Lupic zireomia i3 coucsetrateu in the course sires, and the lime, although prevent
iu che =343 mesSh wateridi, is DI luager 1n 59L1G SILJCi0n but L8 founa as .vee lime (2s
16 ~haen by acid lesching). (he rfact that che wissciinic phase 15 Louae i the fice
iravtions iudicete Chat tue {mversion Irow woendciiaic to tetragunal siroouls during
Syekiag reseited iaoa gring.
thvee weight percent.

g action te reduce the grains to smalier sizes.
Thue La0-2r0

ALsG, the
amownt of celoiws oxide in colid solution with zirconia in the uoused roiracto
WS
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than this amount to produce & ztrcnr;ia consisting of 80 percent cubic phase and 20
percent monoclini. phase.

Analyses of two bricks are given in Tables 1I and III. These refraciories were
taken from the wall of the blow-down tunnel after the tunnel had been in operation
for some time. The piece used to obtain the data shown in Table II was exposed on
one face tO a maximum temperature of about 4000°F. During the time when the furnace was
1dling, this face was held at 2300°F. The temperature of the cold face of the
refractory was from 1600°co 2100° ¥. during furnace operation and 1300°F during idling.
Maximum physical deteriation of the piece occurred at the cold face. Although the
hot face was not subjected to a temperature below 2300°F, those sections behind the
hot iace (sections two through six) were subjocted to lower temperatures. Haximum
destabilization of the refractory ie seen to have occurred in cthat portion of the

iece thét was subjected to cyclic temperature changes ia the range of 1620° to 2100°F.

Similar results wera obtai.ed on a briclh that was taken irom ¢ =ousla2y gosiricn in
the furasce (Table III). Thiess rasults sha. destzhilization to sczur in the
temperature range in wiici crystalline Inversisis tave place. During ceating and
cooiing Detween approximately 1500o and 2100°F. tuere is a reversable change from
wouwclinic to tetragonal zirconia accompanied by an increase or decrease in the
amount of cubic phaze praaan:ék). A8 can oe seen fvaw fLigure 1 these iaversions tase
place with = considarable volumme change.

Destabilized, deterigsrated pbrick that er: -eheated to BUOOOF. Ior two hows
were changec to their wrigiual coundition - 89 pareent stabilizes - anw regaiaec their
strength. The fact that most oo the lime is wn ombiaed with zircoaia in
deterisrated materizl, as in shoun by the a:ld-laniing teasts, incicares JLifldsiown of
the caleduin 100 Cie wwbao Jhise at velablvely 1. comperaruveg. i{ne wure of
Duwez, Jiell and Brown ghowad vhat there wous a0 migration of 1lome Dyow s5ol.d »0lution
aver extended time periovus of isorhermal neat treatment and thus oo caztabillization o. the
material. This investigation has sho.n et yolic hext treatment n the tomperature
range at waL.h orystaliing iovorsious ousur il resalt in line wmlgration amd

dcsstabiiization.
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Destabilisation fe tha result of diffusion of the calcium oxide out

| " of solid solution during cyclic tempersture changes. The lime strains the

sirconis lattice in forming a cublc phase becauss of the large difference in

ionfic sizes of calcium end zirceltun. At high t-pontma, the onpad-d | )

cubic lattice is able to -ccmdnn the calcium iom, M at lmt tqonturn more
L‘ strain is iwoud on the h&tlu and the tendeacy for calcium to bo expcllod from
the lattice incrsases. m. the ensrgy available for dttfusion durouu as the
temperature decreasss. Thersfore, as the temperature is lowered ;hnr. are two
opposing forces working - one favoring destabilization and one favering retention of
the cubic phass. |

Maxisum destabilisation occurs, ho.wv-t.‘ in the temperaturs reunge in which
monoclinic zirconia inverts to tntrqgon;l zirconis. This suggests that the
presence of ungtabilized zitcoutl effects the destabilization of cubic
material. A large volume chungo accompanies the monoclinic to nctqml tmnrstou.
This expansion on cooling would cause mechanical strains to be imposed on adjacent
grains o1 cubic zirconit,>qnd comprassive strains would favor the migration of
calcium out of the cubic lattice.

1o teat this kypa:bisis, two stabilized zirxconia samples were Cycled from
1100°F to 2100°F. One sample was 85 percent stabilized (85 percent cubic and 15 percent
monoclinic) and the other was 100 percent stabilized. Asfter 47 cycles the partially
stabilizec material contained only 58 percent cubi: zirconia whereazs the completely
stabilized material still coataiuved 99 percent cubic phase. After 100 cycles the
completely stabilized material contained 95 per.ent cubic zivxcounia.

It is .elt chat these results show the destabilizing effect of wonocliuic
zirconia on cubic zirconia.

CONCLUSIQS

1. ‘the priuwary resson for wechanical failure 0i the zircania refrsctories

was eudden volume casages dus to the wondclinic to tetragonal inversion. This

condition is brought sbout by cyslic hesting iv tas 1600° F co 2000°F range.
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2, The presence of umstsbilized zircoais 1ncmuatht rate at which calcium
oxide is diffused from the cubic lattice vhon the‘ materisl is cycled between
1600°F and 2100°F. Such beat treatment will result in Jestsbilisetion and
mhlnlcal douriorati.on of the refractory. | ‘
3. less ulctun oxtde 1s required to producc h zireonis that is 80 percent

stabilized than is shown on the Ca0-Ir0; phase ducra. :
|
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Figure 2.- Pilot model, ceramic heater.
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Deteriorated or friable zone

V/ AR/ A/ A/

)/ A/ A/ A/ A A/ 4

Y/ A/ A/ A/ A A/ 4

Figure 3.- Section of pilot model, ceramic heater
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Figure 4.- X-ray difffagtion curve for TO percent cubic - 30 percent
monoclinic zirconial2), (Ca0:4.5 to 5 Wt percent - Cu Ka radiation.)
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Figure 6.- Calibration curve for Ca0 analysis.

- -—.\1?
N




|
|
*908J PIO® (9) PpuB 308 J0H (T) < (pesn) }O0Taq BTUODITZ PIZTTTIQBIS SUWTT -*(e)L san3t4




o

AT TIONVI-VSEVN

*90BJ PTOO (9) pue 308F 30 .
#mﬁmnﬂwnq ) _ J 10H AHV Acmmzv YOTJIQ BTUODITZ DPOZTTTQBIS SWTI |.Apvw oM




